=20,

x/L -x/L
p-p =4e ¥+3 o p, .
n
where Lp = v’DprD = the diffusion length for holes in the base and A -

and B are constants whicn must be determined by the boundary conditions

at the emitter and collector edges of the base, x = 0 and x = W,

respectively. These boundary values are designated as

p(0) = F and plw) = F . (2.3)

-w/L
s S
s ¥o= 8. ( A pn) e
w/L -w/L
e T -e
and
w/L
Har (re-pn) i (Fc -p)
Y w/L ~w/L
e - e P
The hole current entering the base region JP(O) and the hole current
exiting the base regicn Jp(w) can now be determined from Eq. 2.1,
in terms of the hole concentration boundary values, as 1
|
aD ] |
J (o) = =2 {(F - p ) coth = - (F, - p) csc lii (2.4) ’
L e n L c n L
= D P ) %
1
and ;
q'DD W s AN, ‘
- Jp(w) = 12; [(:e - pn) asch E: - (ﬂz - pn) ¢coth E;j

(2.5)

To complete the description of the transistor currents the majority

carrier electroncurrents at the emitter and collectcr edges of their

R e S
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respective depletion layers are added to the hol2 currents +to fornm
the emitter and collector terminal currents, defined as positive

into the terminals,
5 J(-w)+J(-we) (2.6)

and

0
o}
0
8]
0

The standard mincrity carrier btoundary condition for the
Juncticn transistor first introduced by Shockley is
N Y
v /V
g T

F = pn e a (2.8/

where VJ is the applied voltage that apvears across the junction
depletion leyer, emitter-base cr collector-base, and VT is the
thermal voltage kT/q. Application of this particular form of the
minority carrier boundary condition to transistors with the emitter-
base juncticn forward biased such that Fe >> P> the collector-base
Junction reverse biased such that Fc <€ Pos and with base widths
greater than several Debye lengths yields a satisfactory description
of transistor action. That is, a small majority carrier current in
the base controls a much larger injected current into the same
region. If the transvort of minority carrier current through the
base is efficient then there exists the possibility of a power gain

mechanism.

2.2.2 Narrow Base Width Considerations and the Punch-Thrcough

Transistor. The standard solution for currents in the active region

of a diffusion trensistor was presented in the previcus section.
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In this section a soluticn under narrow base width conditions is
considered. épecifi:ally, the standard solution is modified to -
account for the punch-through limit, w + 0.
A problem arises when the standard boundary condition, Egq. 2.8,
is applied to the collector-base junction under the additional
Vo) << 1, and a

conditions of normal biasing, V__ > 0 and exp (V

B s’ V7!

very small vase width, w/Lp << 1., The expressions for the exiting and

entering hole currents in the base region [0,w] now beccme

qQD_F =1
B T
J (w) = ”ru—[—u (2.9)
w 6 (L
D E 5
and
chFe Lo w
0
anw .
= J (w) 4 —— 7 . (2.10)
D

where the standard small argument expansions for the hyperbolic
functions have been employed and the emitier-base junction boundary
condition has been kept in its general form. It appears that both
currents can be made arbitrarily large by a simple reduction of the
base width w. Of course this is not physically possible as the
emitter-base junction can only supply a finite amount of current,
the ultimate magnitude of which is determined by the junction doping

profile and its level of forward bias.

The requirement that the hole concentration

of the collector-base depletion layer bte less than

equilibrium concentration, independent of the hole

at the base edge
the thermal

current density,
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is disconcerting at best. For typical vese doping densities the
hole thermal equilibrium concentraticn is approximately

10 to 10% holes/cm3 in Si. Thus the standard reverse-biased p-n
Junction boundary condition, Eq. 2.8, would lead to absurdly

low minority carrier concentrations which could never support the
transport transition from diffusion to drift current that holes

must undergo in traversing the field-free base region tc the

)

-
|

nigh-field collector-base depletion region. Matzl® was apparentl;
the first to consider this difficulty in detail and was able to solve
for the minority carrier concentration at the collector edge.

of the base region by considering a two-carrier mcdel and by using
the condition that the longitudinal majority carrier éurrent at the
depletion-layer edge is zero. Kirk,!9 in nis study of the
base-push-out effect on minority carrier transit time, required that
the minority carrier charge density at the depletion-laysr edge be
equal to the dec collector current density divided by the scattering-
limited drift velocity. Middlebrook?® studied the effects of Xirk's
current-dependent collector boundary conditicn cn the behavior of th
dec collector current and the dc common emitter current gain. None of
these authors, however, considered the combined effects of a
substantial minority carrier concentration at the base edge of the
collecter-base depleticn layer and an extremely narrow base width.

The following empirical formula is suggested as a replacement

for the standard collector =2d4ge boundary condition

- = =) I_ /
Fq Kp (1 - exp ps/pn)] * o, exp (Vg/Vg) o (2.11)




where B, = Jp(w)/qu, the hole concentration that would be needed to
account for a pure saturated drift current of magnitude Jp(w), with
v, the saturated drift velocity (vg = 107 cm/s in Si) and X

a dimensionless constant equai to the ratio of the actual hole
concentration at the base edge of the collector-base depletion layer

to the saturated drift hole concentration os. A numerical

=

S8

solution for a single-carrier model of drift and diffusion current
flow in a depleted region neer a zero field injection pcint is given
later in this chapter. From this single-carrier solution a lower
bound on K for a two-carrier device can be determined, but it is
sufficient for now to simply acknowledge the fact that for base
donor concentrations less than 5 x 10!6 in Si the value of X is
greater than five. Note that the new boundary condition, Eq. 2.11,
is a smooth transition from the standard boundary conditions, which
is valid only for low collector-base bias and extremely low collector-
current densities, to a new boundary value which is valid for any
bias level and current density in the normal regiocn of transistor
operation. In particular, for normal biasing, exp (VCB/VT) << 1y
and current densities such that Py >> pn, Eq. 2.11 simplifies

to

{ Fc = Kps " (2.12)
With this simplification the hole current density at x = w for the

-

narrow=-base condition w << up can be solved for in closed form as

qD_F
I (w) = —2=— (2.13)

o KDy °
wil + —2
™
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In these four equations and throughout the remainder of this

work all symbols which represent currents, voltages, electric fields
and particle concentrations will be understood to be in phascr
notation unless they possess a zero subscript which will indicate

unperturbed dc values.

3.2 Small-Signal Transistor Models

3.2.1 Common-Base y-Parameter Intrinsic Diffusion Transistor

Model. To establish a common notation and a basis for the device
models of this chapter, the theory of the one-dimensional common-base
y-parameter model3! for the intrinsic diffusion transister is ocutlined
in this section.

The differential equation governing the distribution of the
small-sigrnal hole concentration in the field-free base region of the

+__+ ; ol 2 v = -
p np transistor structure of Fig. 1.2 can be derived from Egs. 3.1

&

and 3.4 in a manner similar to the derivaticn of the dec equation

(E@. 2.2) and can be expressed as

where L* is the ccmplex diffusion length

'd ok

L
L* - —2———
P

Ph———
+ Jwrp

Completely analogous to the dc solution of the traasistor the

soluticns to Eg. 3.5 can be used to express the small-signal

hole current density at the emitter and collector edges of the base

region as (c¢.f., dc Eqs. 2.3 and 2.4)

T i g e ot T g W St o i
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an e =
= e— P — n —-— (3.6
Jp(O) T* |Te COth T - I csch T (3.6)

D D
and

qDo Vo, s
J{w ) = == | csch ==~ coth — (3.7)
D o L; e ;; e L; A ‘

where the hole concentration boundary values fe and fc are the small-
signal counterparts to the dc values Fe and F_and can be expressed
~

as first-order perturbations of these same dc values; that is,

5F l
A Veb' (3.8)
v, .
and
aFc
£ = r 3
-c av.q 4 Vcbv ’ (4.9)
LB!JCBO
where v and v are the smell-signal phasor voltages across the

eb! cb"
emitter-base and the collector-base junctions, respectively.

If the Early effect3? is present, i.e., the position w of the
collector edge of the base region is a function of the collector-base

bias, then w = w + w and*
o ac

(-
s g BF’C apor 3w ] '
e W T oax (v V., cb
L CB VCBO o CB ]CBO
L}
rarc H
= ?‘}::;v ‘Vcbv . (3‘10)
L CBO

* Appendix A contains a detailed derivation of the Early effect
correction, Eq. 3.10.




The total small-signal emitter current density must contain
a term due to electrons (base region majority carriers) that are
injected from the base into the emitter. This contribution
can be derived from an expansion of dec Eq. 2.17 and in phasor

space is given by

an aFn
I l=wj = =2 %v Vap! ? (3.11)
n

EBO

where L; is the complex diffusion length of electrons in the emitter

Thus for no recombination in the emitter-base junction space-

charge region the y-parameter form for the emitter current densi<y

is
o J‘(— w_) + Jp(o)
= yllveb' +yl2vcb' ’
where
aD  oF qD  5F -
- —n--—-n- el e _9.
Yip T EE L v R o (3.12)
B0 P 30 ?
and
qD_ aF w
Y2 T ST esch 1§ (3.13)
i LS 3¥es|v L
P cBO P
with it being understood that (aF /aV..)| is replaced by
o, CB VCBO

1 - a :
((3FC/BVEBHVEBO) if the Zarly effect is present. At w = w

the y-parameter form of the collector curreant density is

To = =50m) = Fuvai * TaTa
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where
qD aFe wo
R ?;? - csch T (3.14)
® " EB|Vgpg P
and
qD_ 5F w
" D \
¥, 5% SVc ccth‘L—?; (3,15)
o} CB VCEO P

Again, ((5F IRty )" would replace (3F /3V._)|. . in the
c & e €8 Ve
CBO CBO
presence of the Early effect.

A "good" dc transistor is normally defined as one for which

O

5 n

w /Lp << 1 and the "low-frequency" range of transistor operati

is the frequency region f << f where f
a a

D_/7w2., The small
D o
argument (Iwo/L;{ << 1) expansions for the hyperbclic functions

which are valid for a "gcod" dc transistor in its "low-frequency"

wo L; i: w 51
fe)
coth o= = == il & = =
L* w : 3 |L* l
P o P
— J
and —_ -1-1
w L¥* w
csch = = R )
v* - * -
.L.xp wo 6 [Lp}

The y-parameters for this case can be approximated as

yll 7 Sn + gé n J“Ces ’ (3-16)
TB"-J‘
! 5 oo \
112 . sC L+ Jw 3 ’ (3-17/
T
% _B -1
Yoy * - se[‘ + 1y 3] ; (3.18)
and
X \
Yag ® B * duCy, (3.19)
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where we nave derined

qu BFv
Bl o e > (3.20)
EB|Vigg -
QD SF
o) e
B | , (3.21)
EB|Vzmg
i wo
g BT SR (3.22)
a D
2t
3
fan X B, "5 5 (3.23)
qDD BFﬂ
Rt S (3.24)
A
o) CB ICBO
and
%
B
CCs 285 ° (3.25)

In the y-parameter approximations, Eqs. 3.16 through 3.19, it has
also been assumed that the emitter is very heavily doped such that

- 2 A
L; = L and that terms of the order (wo/Lp)-can be neglected in

n
comparison with unity.

With the definitions of the circuit parameters, Egs. 3.20
through 3.25, the y-parameter small-signal model can be configured
as shown in Fig. 3.1. The base transport factor am in Mg 3.1
is defined as the ratio of y21 to the minority carrier portion of

¥..; that is,

13
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FIG. 3.1 SMALL-SIGNAL COMMON-BASE EQUIVALENT CIRCUIT FOR AN

INTRINSIC DIFFUSION TRANSISTOR. (v, =g *+ &, *

JuCegr T12 * <&, . . * chcs)
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Physically, the base time constant T, and thus the capacitances

B

Ces and Ccs and the cutoff frequency I, are due tc minority carrier
storage in the base region and the magnitude of the dc base
transport factor ag is less than unity because of carrier recom-
bination within the base region.

3.2.2 Narrow Base-Width Considerations. As the limiting

value of zero base width is approached the =lements of the small-
signal model shown in Fig. 3.1 suffer the same fate as the dc
emitter and collector currents of Egs. 2.10C and 2.9; they grow
without tound. Again this is not a physical result and again the
fault lies in the assumption of a pure voltage dependency for the
collector edge base region minority carrier boundary cocndition.
If a voltage and current dependent boundary condition is assumed

for the hole concentration at x = wo, Loty Bge 241l

x)
xy

ST .
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then*
oF _ BFC
) i ~ — e——— - \
P Weslv 3§ 8wy (w_) VP(VC) ) (3.26)
CBO = po” ©

Do
yields
qDD { 3F w F_ | W
I esch T - av“ coth :%
' EB| V., P CB(V., D
. A ; EBO C30 (3.27)
p o D, 3Fc A : .c
i T* SEFTFT coth T
PoB hd e 12
po. ©

Similarly, when the new value for fc is substituted into the hole-
emitter current density expressicn Eq. 3.6, we obtain, in conjunction

With Eq- 3-27’

D = A/
L gy l L; aup(w) J (w) -;J
J (o} = | "EBO : PO O =
T denom
qD_ SF_ | W
D c o)
. ¢sch =%
Lp_ aVCB VCBO up \
s dencm » (3.28)

where dencm is the denominator of Eq. 3.27. The new values of the

y-parameters are immediately obvious from Egs. 3.27 ard 3.28; namely,

(o} 1 4 aFC wo)
ad_ 3F | p L (w_) pJ
v g e + oo )
11 L; aVEB‘V denom
EBC
(3.29)

* Appendix A 2lso contains a discussion of the evaluation of
3Fc/aJp(v) when a current-dependent Early effect is present.
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and g
Y22

denom

Y2, (3.22)

O e . - 5 A
where yi, signifies a previously defined value for the y-parameter
J

- - 5 ) e =
'z Egs. 3.16 through 3.19, and yllv signifies the hole current

13
pvortion of Eg. 3.16.

The simplest case which allcws the analytical evaluaticn of
Egs. 3.29 through 3.32 and the conly one which will oe discussed
in detail in this study is the coiacidence of standard bias,
exp (VCBO/VT) << 1, and a level of injection for which p_ >> P,

but moderate enough such that the current dependent Early effect

-

can be neglected. For this case, reference Eq. 2.12,

aFc R <
3d_(w) T SRR
P Jpo\ko) S
Thus for a "good" dc transistor in its "low=Crequency" region
D K 1 [¥.)?
denom = 1 +—-E—v 11 * 3 |T* (3.33)

)
which in the limit of very small bvase widths is the same term
present in the denominator of the expressicn for the dc collector
current density Eq. 2.13.

The only circuit elements in Fig. 3.1 which must be redefined
such that the equivalent circuit is valid for all values of base

width are the junction conductances C and'gc; that is,

S ———
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denom

Now as wo -+ 0 the elements and therefore the circuit currents do
not grow in magnitude without bound and therefore the punch-through
state, similar to the dc analysis, can be thought of as sim

the limiting state, s = 0.

3.2.3 The Complete Small-Signal Model. The small-signa

circuit model of Fig. 3.1 is not a complete equivalen®t circuiz

model since it represents only the flow of carrier currents within

the one-dimensional intrinsic or base-emitter regicn of the transistor.

The terminal emitter current cen be fully accounted for by adding

~

a shunt emitter-base junction deplstion-layer capacitance Cu

yll {transit-time effects of carriers crossing the relatively

narrow emitter-bvase Juncfion depletion layer are ignored). The
base terminal, the two-dimensioral circuit contribution, can be
represented to first order by adding a base lead series resistance
Ty from the base terminal to the one-dimensional base position

b' between the emitter and the collector. Finally, the total
collecter terminal current can be computed as follows:

From =q. 3.2 the total or terminal collector current density which

is independent of position can be defined as




—F2

where the minus signs are due tTo the fact that the collector current
is defined as positive into the collector. We integrate this egquation
over the collector-base depletion layer, x = vy tox=2w +w

and obtain

1 »wo+w
=y S 3 1 =
JC wc dp ax. + umcc‘icb, ’ (3-30)
w
=0

where Cc is the collector-base depletion-layer capacitance ¢/w_ and
-

w_+w
-f" ‘B& .

W
o)

v

m

chb!'

cf the base region Jp(wo) is also the initial or the injected
particle current density for the collector-base depletion lsayer,
the transit-time effects of holes crossing the relatively wide
collector-base space-charge layer are all contained in the intagral

in Zq. 3.36 and can be expressed in a single term or transit-time

factor ' That is,

iy Mo Jp(wo)r * JWC ¥ o
where
W tw
pos ke ]9 0 LBl s
w J_(w )
c PO
W
o

The complete small-signal equivalent circuit can now be depicted
as shown in Fig. 3.2.

One commorn approximation33 for the transit-time facteor [ is
derived by neglecting diffusion entirely and assuming that all the

carriers in the depletion region drift at their saturated velocity V-

Ty

e o Beat o chdly sy
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The current density Jp can then be expressed as the space-charge
current wave
- ‘v ) (x=w
J(w/ s)( o)

JD = Jp(wo) e

&

and thus I beccmes

the saturated drift approximation for I', where 6 is the transit zangle
gwc/v . This estimate for I predicts qualitative transit-time
effects fairly well but its derivation obviously underestimates the
actual carrier transit time since the carriers that are injected
from the base region enter the depletion laysr at velocities well
below the saturated value. A better approximation of the [ for a

two-terminal BARITT diode is given in Section 3.4.

3.3 Small-Sizral Analysis of Punch-Through Transistors

Wnen the limiting value of zero base width wa + 0 is approached,
the diffusion transistor mocdel of Fig. 3.2 evolves into the small-
signal mcdel of the punch-through transistor. Several circuit
simplifications occur: At punch through the base region volume in
which carrier recombination takes place shrinks to zero and thererfore
the base region dc transport factor beccmes unity (ao B
The same wvclume was the minority carrier storage region thus
fa + » and the carrier stcrage capacitance Ces becomes negligible.

Once into punch througih, the defined base width is zero for all
levels of punch-through bias, and the magnitude of

zero by definition.

(o
n

the voltage dependent Early effect term aw/avcs

R TR LTINS s 2230
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Thus the feedback and output admittance terms 2lso disappear from
the model. One lest simplificaticn can be realized if the
relationship between the emitter electron and hole conduc:aﬂce
terms g, and g, is explored. From Egs. 3.20, 3.21, 3.33 and

3.34, we have in the punch-through state

Eﬁl QF,
L V=i
_S_:l s Jne 3t n EB ’EBO
- ® .
e “np Ig a'e
K aVgly

EBO

But from Egs. 2.19 and 2.20 fcr all but extremely high levels of

| F F
3Fy = _no e ] 5 80
v, = o N T
EB JEEO T EB 530 18

€n I neo
g oy = 8 (2.38)
o
2 peo

the ratio of dc electron and hole emitter currents. This ratio,

defined as §, can also be expressed in terms of the more common

/Jeo’ es § = (1 - Yo)/Yo. The

dc emitter efficiency, Te = Jpeo

complete small-signal equivalent eircuit for the punch-through
transistor, with these simplifications, is shown in Fig. 3.3.

One important high-frequency parameter for any transistor
structure is the base-resistance collector-tase capacitance time
constant3* r. C . A good estimate for the small-signal value of the

be

base resistance rb for no emitter crowding is to assume it to be

§
s
K
t
i
!
“
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FIG. 3.3 SMALL-SIGNAL MODEL OF PUNCH-THROUGH

TRANSISTOR.
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equal to its dc valueds Rg» Za. 2.30. The low-level injection
rch time constant for the configuratiocn of Fig. 1.2 can then be

expressed as
2

= VeI (RTaN.T —— . (
r,C e/(2aVmN (3.39)

c ‘u W

-

It is obvious in Eq. 3.39 that in order to minimize rch both

Ni and LA should be maximized. The maximum velue of the product of
Hi and V. is limjted by thne onset of avalanche multiplication at the
collector end of the collector-base space-charge region. That is,

it must be true that

Nw/e = E
Wi m--
where Ez is the avalanche critical field intensity (approximately

equal to 3 x 10° V/cm for holes in Si
nstructed such that the critical field is nearly reached at its

de operating pcint will be termed a dc maximum power s<tiructure and the

r.C time constants for three of these devices are plotted in

Fig. 3.4 as a functicn of emitter stripe width. As can be

~ - -

seen, r.C_ values of less than 2 picoseccond can easily be obtained

for a wide range of base dopings and reasonable emitier widths.

The normalized real parts of the commcn-emitter output
impedances for several dc maximum power structures are shown in
Fig. 3.5 for ' = rs and one particular base driviag impedance

(a resistive match at low frequencies). At very low frequencies

P

the principal contribution to the ocutput resistances comes from the

space-charge resistances of the collector-base depletion layers.3®

PN s

. At higher frequencies the depleticn-layer transit-time effects are
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clearly evident with the first dip in Rout occurring at a transit
angle 8 of approximately 37m/2. An enlarged plot near the

frequency of this transit angle for the S5-um device (wc = base width)
is shown in the insert to the figure. For larger values of base
drive resistances RS’ the device output resistance can actually
beccme negative for frequencies near the 37/2 transit angle value,
and if the base connection is RF open circuited the three-terminal

de punch-through transistor can appeer as a two-terminal negative
resistance BARITT diode. As mentioned in Chapter I, the presence

of dc electrons (base region majority carriers) at the

injection point would tend to suppress the deleterious self-

limiting effects of the space charge of the injected holes.

Thus the device shculd be capable of larger injection levels and
therefore larger output RF power levels compared to the two-terminal
BARITT diode counterpart.

The unilateral gain U of an amplifying device is the meximum
available gain of the structure arfter all internal feedback has been
neutralized. It is the most indicative parameter of pctential
usefulness for an active device as it is independent
of device orientation (common base, etc.). The unilateral gain as
a function of fregquency for the model of Fig. 3.3 can be expressed

asd’

i [a]?

2nr C -
e’c

Y1 ¥ Lniel(r C )2
e e

8nfrbcc - Im(a)

where r, = (g,(1 + 8)]"land 4 is the common-base current gain

o At el e Ll o



8=Fs
se(l *8) + JuC,

Calculated unilateral gains for two dc maximum power punch-through
transistors are shown in Fig. 3.6. Both structures show usable gain
up to and past 10 GHz. The calculation of U was halted when 2
frequency was reached such that the imaginary part of a changed

sign due to transit-time effects. At Irequencises immediately

above such a value the possibility of chip negative resistance exists
and U no longer has any meaning. This does not indicate that the
devices are unusable at these frequencies, only that stability may
become the dominant circuit design concern. If the device is
intended to function as an oscillator tiae presence of chip negative
resistance may well add to its capabilities.

1

ne experimental result resented in Chapter I for the low-
Th xperimental results presented Chapter I for low

,

requency punch-through device proved that not only can transistors
function in the punch-through mode out that they also show improved
perrormance in this region of cperation provided they are in the
correct impedance environment. The theoretical and experimental
results for the punch-through transistor: thet have been presented
in this study must be considered to be preliminary and are far

from exhaustive, but they do indicate the feasibility of the device.

3.4 Small-Signal BARITT Diode Analysis

3.4.1 Theory. Since the BARITT is basically an open-dase
punch-through transistor a first-crder smalli-signal model for the

device can be obtained directly from the punch-through transistor

model of the previous section by simply eliminating the base region
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majority cerrier circuit elements; namely Ty and Gge. The impedance
of the diode can then be expressed as the series combination of a
~

Torward-biased Juncticn Z, and the injection-current-dependent

impedance of the back-biased junction Z That is,

B

zd = ZF + zB : %

where
L A
L = (3.40)
F A JwCe
and
1l- FSM
- )
g JwC (3.41)

The complex quantity M is the ratio of the injected particle current
to the total digde current, or in terms of the circuit elements of

the forward-biased regicn

M = (3.42)

This approach, modeling the diode as a forward-biased region in
series with a reverse-biased saturated drift region, was first

put forth by Weller38 in his study of the MSM structure.

The method is similar to the calculation of the small-signal

impedance of a Read-type IMPATT diode published by Gilden and Hines, 39
differing only in the physics of the .injection mechanism.

The' second-order small-signal BARITT diode model formulated
in this sfudy is an extension of Weller's work, retaining the
simple description of the forward-biased regicn but expanding the
treatment of the reverse-viased drift-diffusion region by assuming
the regicn can be described as a perturbation of the single-carrier

multisection dc model presented in Chapter II. Recall that in

e




e

-
1

the dac solution the low-field portion of the drift-diffusion region

is divided into N one-dimensional lumps, Fig. 2.3. The dc minority .
carrier concentration within each lump is assumed to be constant

over the extent of the lump, i.e., poi = constant, independent

of x. The only additional assumptions, over those utilized in the

dc study, needed to reduce the small-signal equations, Egs. 3.1

through 3.L, to an analytically solvable set are the working

hypctheses of constant values for D, v and y within each lump.

Since the actual values of the diffusion coefficient D, the dc

drift velocity v, and the small-signal mcbility y all depend

on the de electric field Eo which is a linear function of

poesition within each lump, the realization of constant

lump values for D, v and p requires that these quantities be re-

defined. After much experimentationthe lump values for D, v and

u that have been chosen for use in this study are the spatial .
average values of each lump. That is,

3 as
T, = <>, = == f i v dx,
i &, i

i0

=

and so on. Simple integration yields




where

3 i. = ®
TN iy Lo N .

=
"

i Eflx = x) s

The resultant error intrcduced by the use of average values for the

iffusion coefficient, the.dc drift velocity, and the small-signal
mobility, as with the error resultant from the previocus dc analysis
assumption of a constant lump minority carrier concentraticn,

is expected to diminish as the number N of low-field lumped regicns
used in the model is increased.

The small-signal equations,* Egs. 3.1, 3.3 and 3.4 can now

ve combined to form a linear, constant coefficient, homogeneous,

ordinary differential eguation for the minority carrier concentraticn

p. within eech lump:
P

(&)

(g, + Juwe)|p, =

3
- -

™ |-

p, 42 4
fax? - & T

where g, = qpoi“i is the minority carrier equivalent conductivity

of each lump i, v, is the constant drift velocity u4<EO>;, and
3 S -

i

D, is the constant diffusion coefficient u,/V, The secular equation

i - e

-

for exp (vx) solutions of Eq. 3.43 has roots

. el - [o2 '
Yo" 2D1 (vi - /Qi + hDi(ai + jwe)/e]} (3.L4)

which implies & forwerd and e reverse space-charge wave within each
lump. Since the values of the parameters under the radical are all
pesitive quantities the space-charge wave associated with the plus sign

in Eq. 3.4l travels in the negative x-direction. The concept of

* Recombination lifetime T for a single-carrier model is infinite
by definition.
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holes in effect diffusing back against a positive directed drift flow
is physically unappealing except in a very small region near the injec=- .

tion point x = 0. We therefore neglect this portion of the soluticn

in each lump; that is, all injected holes are agsumed to be collected

and

= 2O
o, (z) p; e ;

is the injected small-signal hole density for the ith lump,

o
where Di

Im(y,) is is the local spatial

always a negative quantity and z

variable. Substituting this solution back into the small-signal

equations and sclving for the particle current density, we obtain

S
aicer

some algebra

where again the Q superscript indicates the injected or

value. An equivalent lump of the low=field

region of the diode can be developed from Eq. 3.45 in a manner
similar toc the deriwvation of the collector-base depleticn-layer
model given in Section 3.2.3: The expression for the total current,

Eq. 3.2, is averaged over the extent of each lump; that is,

J° I’i ,iji
+ <
e St S o 1l~r,) & °
) 1 -
ci + jwe g, * Jjwe
- 1, :.)
5 ¢ J;ifmi * X% (3.46)




